We describe a property based test generation procedure that uses static compaction to generate test sequences that achieve high fault coverages at a low computational complexity. A class of test compaction procedures are proposed and used in the property based test generator. Experimental results indicate that these compaction procedures can be used to implement the proposed test generator to achieve high fault coverage with relatively smaller run times.
Introduction
Generation of tests to detect faults in synchronous sequential circuits is a challenging problem. Scalable methods to perform test generation have been under study for a large number of years. The existing methods can be classified into four categories. The first category of methods uses the branch and bound technique to derive tests for target faults[l-81. The second category uses fault simulation to direct the search for a test sequence for the target faults[9-141. The third category uses certain observed properties of test sequences in deriving input sequences that have similar properties, and are useful as test sequences[l5, 161. The fourth type of methods is based on pseudo-random or special purpose test generator circuits that produce effective test sequences [17-191. Fault simulation based test generators have the advantage that they can be adapted to new fault models *Research reported was supported in part by SRC Grant 98-TJ-645 and NSF Grant MIP-9725053.
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DAC 99, New Orleans, Louisiana 01999 ACM 1-581 13-092-9/99/MX)6..$5. 00 or different circuit descriptions(e.g., RTL instead of gate level) with minimal effort by using a fault simulator suitable for the new fault model and/or circuit description. The existence of asynchronous elements in circuits can also be accommodated. Recent efforts in developing fault simulation based test generators have mostly used genetic optimization techniques to engineer test sequences for target faults [ll-141. These procedures have recently achieved high fault coverages but require a large computational effort.
The property based test generator reported in [15] uses only logic simulation in deriving a test sequence whose coverage is determined by fault simulation. The run time of this method is small but as of now it has not achieved as high a fault coverage as the genetic optimization based test generation procedures.
In [23] , a static test generation procedure that combines fault simulation based and property based test generation was described. The procedure achieves high fault coverage with relatively low computational effort by taking advantage of several techniques, including static test compaction. Since the procedure does not use deterministic test generation steps such as implication or branch and bound, it does not identify undetectable faults. This drawback is the property of test generators, including the simulation based test generators, that do not use any deterministic test generation procedures.
In this work, we study the effects of using a proposed class of compaction techniques in a test generation procedure that combines fault simulation based and property based test generation. The results show that a faster test compaction procedure does not necessarily result in a faster test generation procedure for all circuits and that the proposed procedures have an advantage over existing ones in producing high fault coverages at short run times.
The paper is organized as follows: In Section 2, we describe the motivation for the proposed test generation procedure. In Section 3, we give an overview of the test generation procedure. The static test sequence compaction procedures used in this work are described in Section 4. In Section 5 we provide experimental results. Section 6 concludes the paper.
Preliminaries
The proposed procedure as well as the procedure in [23] is inspired by the following recent results related to test sequence generation for synchronous sequential circuits. (i) The lengths of the test sequences generated by a variety of test generators can be reduced quite significantly (over 50%) by omitting test vectors from a test sequence [20] . This reduction in test length is achieved wkhout loss of fault coverage [20] . (ii) Genetic optimization has been used successfully to obtain test sequences with high fault coverage[l3, 141. Tne basic steps in genetic optimization are mutation and crossover. Mutation is the process of complementing bits in a given sequence. The earliest sequential circuit test generator of [9] also used complementation of bits of a given sequence(e.g., a functional test sequence) to derive new sequences that detect other faults and/or to improve the fault coverage of a given sequence. We use mutation as a way to perturb a given test vector in this work.
(iii) In [17] , it was observed that holding the inputs of a sequential circuit at fixed values for several clock cycles improves the fault coverage obtained by a pseudo-random sequence generated, for example, by an LFSR. In this approach, an input vector generated by a pseudo-random pattern generator is held for a predetermined number of cycles. In terms of state traversal, holding the inputs constant makes the circuit traverse potentially different states appearing in the state table under the column corresponding to the held input vector. Test sequences that traverse large numbers of states were observed to be effective in detecting faults in several works [14-161. Summarizing, the experimental results presented in several recent works indicate that static test compaction based on omitting vectors in a test sequence, perturbation, and holding of inputs constant in a test sequence may lead to a more effective test sequence.
In this work as well as in [23] , static test compaction, perturbation, and input holding are used together to produce an ATPG tool that is highly efficient and effective in achieving high fault coverage.
Overview of the Test Generation Procedure
The following are the basic steps used in the ATPG proposed here and in [23] .
Step 1: Generate a random input sequence So of length L. Set i = 0.
Step 2: Fault Simulate Si on the circuit under test.
Let Fi be the set of faults detected by input sequence Si.
Step 3: Use static test sequence compaction on Si to obtain a compacted test sequence Si, whose fault coverage is the same as that of Si or higher, i.e., Si, detects all the faults in Fi and possibly additional faults.
Step 4: Check the termination condition. If satisfied, stop.
Step 5: Extend Si, by appending a suffix Si,, to obtain an input sequence Si+, = Sic.Sis,. The suffix Si,, is obtained by randomly picking a vector, say w, in Si,, randomly perturbing it to obtain a vector w', and including n copies of w ' in consecutive positions of Si,, (inclusion of n copies of w ' corresponds to holding the inputs constant at w' for n cycles). The value of n is randomly determined. The extension of Si, into Si+l by adding vectors to the suffix Sisu continues until the length of Si+l reaches a predetermined value.
Step 6: Set i = i+l and go to
Step 2 Termination Condition: The procedure can be terminated when a predetermined number of consecutive sequence expansion steps do not increase the fault coverage, when the desired fault coverage is obtained, or when the allowed run time is exceeded.
It can be seen that a test sequence for a given circuit is derived by the procedure outlined above by starting with a random sequence. The procedure iterates over static test compaction and sequence expansion. Expansion is done through random selection, perturbation, and holding of vectors in the compacted sequence.
Several methods to extend the compacted sequences in Step 5 above were investigated in [23] . The test generator in [23] used the vector restoration-based static compaction described in [22] . As we show later, the compaction procedure can have a significant effect on the fault coverage and the run time of the test generation procedure. In this work, we introduce a family of compaction procedures, and incorporate them into the test generator procedure described above. We show that these procedures are capable of speeding up the test generation process and also achieve high fault coverages.
Static Test Sequence Compaction
Static test sequence compaction is used as a post-processing step to test generation to reduce test sequence length. Sequence compaction by omitting vectors from a given test sequence has proven to be very effective in reducing the test length [20] . A variation of this method called vector restoration-based test sequence compaction was introduced in [21] and led to fast and effective compaction procedures [21, 221 . The compaction methods we describe next are variations of the method called Reverse Order Restoration described in [22] . We next describe these procedures. The first one is called Linear Reverse Order Restoration and is similar to the one in [22] . The second is a class of methods called Radix Reverse Order Restoration which we introduce here for the first time.
We use an example to describe these compaction methods.
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Figure 1: Example for Reverse Order Vector Restoration Based Test Compaction
Consider the example given in Figure 1 . In Figure 1 In the Reverse Order Restoration method described above, the compacted sequence was extended by one vector at a time to find a sequence that detects a set of target faults. Thus, we call it Linear Reverse Order Restoration (LROR). To restore n vectors, the LROR procedure performs n iterations where the target faults are simulated under a test sequence whose length increases by one at every iteration. It was observed in [20] that a process of this type can be speeded up by using binary search. In the context of vector restoration, binary search implies that 2"l vectors are restored in iteration i. Thus, to restore 15 vectors, LROR performs 15 iterations, whereas using binary search, the first iteration restores 1 vector, the second iteration restores 1+2 = 3 vectors, the third it,eration restores l+2+4=7 vectors, and the fourth iteration restores the required 1+2+4+8=15 vectors, thus wmpleting the restoration in four iterations instead of 15. Binary search of this type was also used in [24] . In this work, we extend the notion of binary search to radix search in a procedure we refer to as Radix Reverse Order Restoration(RR0R). Under radix search with a radix r, rZ-l vectors are restored in iteration i. We use 1 5 T 5 2 in our implementation. Notice that RROR includes LROR as a special case with radix r = 1.
One of the issues to be considered in radix search, also occurring in binary search, is that the number of vectors restored in the last iteration may be too large. For example, consider the case where 10 vectors need to be restored. Binary search will require 4 iterations and will restore 15 vectors instead of 10. To remove the unnecessary vectors, we perform radix search on the vectors added in the last iteration. Suppose that vectors t,l to t J 2 were added in the last iteration. Let j 2 -jl + 1 = L be the length of the subsequence between t,l and tJ2. We consider the addition of L/r vectors instead of the L vectors added in the last iteration. If this is sufficient to detect the target faults, we continue the radix search with the sequence of length L/r, otherwise, we continue the radix search over the sequence of length L-L/r that remains.
For example, consider the case of binary search where 8 vectors were added in the last iteration. We consider the addition of 4 vectors instead of 8. If this is sufficient to detect the target faults, we consider the addition of only two vectors, otherwise, we consider the addition of 6 vectors, and so on.
Another important point to be noted for both LROR and RROR is the following. If, during the restoration, we include in T, an input vector, say t,, that detects some yet undetected faults different from the target faults with which we started, we augment the set of target faults by including all the faults detected at t3. The restoration is then done by considering sequences of vectors prior to t, of length r l , r 2 , r 3 , and so on. This helps us avoid adding long subsequences for the new faults added to the set of target faults.
It should be noted that reverse order restoration was independently done in [24] . However, in restoring vectors for a new set of target faults in [24] , test vectors are restored such that the target faults are detected assuming the initial state of the circuit is unknown. This is equivalent to assuming that the current compacted sequence is a null sequence in each step of restoration for a set of target faults. In the procedures described above and in [22] , the current compacted sequence is used as a prefix for the restored subsequence for the new set of target faults. This in general leads to higher levels of compaction than the procedure described in [24] .
We applied the Linear and Radix Reverse Order Restoration based test compaction described above to the test sequences generated by the sequential test generator STRATEGATE [14] for several benchmark circuits. We used radii r = 1.2, 1.5, 1.8 and 2.0. For two larger ISCAS89 benchmark circuits ~15850.1 and ~38584.1, we compacted a random sequence of length 40,000 since the test sequences for these circuits generated by STRATE-GATE were not available. These results are given in Table 1 . In Table 1 following the circuit name, we give the length of the test sequences of STRATEGATE or 40,000 for the larger benchmark circuits given in the last two rows. Next we give the length of the compacted sequences and run time for the Linear Reverse Order Restoration method. In the next eight columns, we give the normalized compacted test sequence length and run times for the Radix Reverse Order Restoration methods. The normalized test sequence length and run times for these methods are obtained by dividing the values for the radix method by the values for the linear method given in columns three and four. In the third row from the bottom of the table we give the average values of the normalized test sequence length and run times computed over all the circuits above this row. The CPU times reported are for the machine with a 400MHz Pentium I1 processor and using the LINUX operating system.
The following points can be noted from Table 1 : (i) For the smaller benchmark circuits, the linear compaction method gives, on the average, approximately 10% better test length compaction but requires proportionately longer run time. For some circuits these differences are higher. On the average among the RROR procedures, the procedure with r=2.0 (i.e. binary restoration) performs the poorest.
(ii) For the two larger benchmark circuits, the run times of the radix compaction methods are much smaller (approximately by a favor of 2 on the average) than that for the linear compaction method. The radix compaction methods lead to compacted test sequences for circuit s38584.1 that are 24% to 42% longer than that for LROR.
Experimental Results on Test Generation
The results of test generation based on test sequence compaction for the smaller benchmark circuits of Table 1 are given in [23] . These results show that the proposed test generator achieves the highest reported fault coverages for all the circuits while utilizing relatively short run times. As shown next, similar results are obtained for the larger circuits by the test generators using the LROR Table 1 into the test generation procedure described in Section 3. We set the length of the random sequence used in Step 1 of the test generator to 5,000. Since different compaction procedures achieve different levels of compaction, we modified the way in which the compacted sequence T, is extended. Instead of extending T, to a preselected length, the compacted sequence T, is initially extended by appending 5,000 vectors using the random selection, perturbation, and hold as described in
Step 5 of Section 3. Thus the extended sequence now would be of length equal to that of T, plus 5,000. When two extended sequences did not detect any additional faults, in the subsequent iteration of the test sequence extension, we appended 40,000 vectors to T, and stopped the test generation procedure after compacting the resulting test sequence. We also used a random sample of 256 faults in the initial phases of the iterative procedure. The fault sample was replenished as the faults in the sample were detected. We applied the test generation procedure as described above and using the five different compaction procedures described in Section 4 to circuits s15850.1 and ~38584.1. The results of this experiment are given in Table 2 . In Table 2 , after the circuit name we give the total number of faults followed by the number of faults detected, and run times for the test generators using LROR procedure and RROR procedure. The CPU times reported are for the machine with a 400MHz Pentium I1 processor and using the LINUX operating system. F'rom Table 2 , it can be seen that for circuit ~15850.1, the test generator using the LROR procedure achieves higher fault coverage than any of the RROR based test generators. For s38584.1 circuit only one of the RROR based test generators achieves higher fault coverage than LROR based test generator. The run times of the RROR based test generators are smaller than for LROR based test generator.
In the next experiment we let the RROR based test generators continue to generate tests for ~15850.1 until the run time exceeded that for LROR based test generator for this circuit. These results are reported in Table 3 . In Table 3 , after the circuit name we give the number of faults detected and run times for LROR and the RROR based test generators. Even though approximately 50% more run time was allowed for the RROR based test generators, the fault coverage for them remained much below that for the LROR based test generator. Thus it appears that even though the RROR compaction procedures are in general faster than LROR procedure, test generators based on RROR only may not necessarily lead to faster test generation procedures for all circuits. In the next experiment we wanted to investigate using RROR compaction together with LROR compaction to achieve higher fault coverage while keeping the run time below that for LROR based test generators. In the test generators, we used LROR compactions initially until two extended sequences did not detect any additional faults and then switched to an RROR compaction procedure. The results of this experiment are given in Table 4 . The last eight columns of Table 4 give the results for the cases combining LROR and RROR procedures. Comparing the entries for ~15850.1 circuit in Tables 3 and 4 , it can be seen that the fault coverages for test generators using LROR followed by RROR went up while the run times decreased] relative to test generators using RROR only. The fault coverages of these procedures are higher than that for LROR only based test generator for both the circuits and run times are shorter. Similar results can be observed for circuit s38584.1 by comparing the corresponding entries in Tables 2 and 4 .
In Table 5 , we compare the results reported in Table 4 with those obtained by the test generator STRATEGATE [14] . STRATEGATE uses genetic optimization techniques. From Tables 2 and 5 it can be seen that all the test generation procedures reported here detect more faults than STRATEGATE. Run times for STRATEGATE are not directly comparable since the workstation used by STRATEGATE is HP 5200 with 256MB memory.
Conclusions
We proposed a class of static test sequence compaction techniques for use in a new sequential circuit test generation procedure that uses test compaction to capture desired properties of test sequences that achieve high fault coverage. It was shown that faster test sequence compaction techniques may not always achieve higher fault coverage even if they are given the same computation time as a slower compaction procedure. We also showed that using two different compaction procedures in the test generator leads to higher fault coverage at reduced computation times. 
